We report in situ observations of the growth of endotaxial CoSi 2 nanowires on Si(110) using an ultrahigh vacuum transmission electron microscope with a miniature electron-beam deposition system located above the pole-piece of the objective lens. Metal deposition at 750-850
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Introduction
It is known that a variety of metals form self-assembled silicide nanowires (NWs) when deposited on heated silicon substrates under ultrahigh vacuum (UHV) conditions [1] [2] [3] [4] [5] [6] [7] . The resulting long, thin, single-crystal NWs may grow epitaxially on the surface or may be embedded into the substrate via an 'endotaxy' growth process [2] . Endotaxy has been found to occur for Fe, Co, Ni, Ti, rare earths (RE), Pd and Pt on Si(111), Si(100) and Si(110), in various combinations [1, 2, [8] [9] [10] [11] [12] . Endotaxial NWs have been considered for applications as high-quality interconnects or as nano-electrodes for memory arrays that require an electrically active material at crossbar junctions [13] . These NWs are also interesting from a fundamental viewpoint, since they provide well-defined structures for the study of transport in narrow (even onedimensional) conductors [14] . In order to realize such applications, it is first necessary to understand and control the size, shape and defect structures of the NWs. For this study, we have selected the CoSi 2 /Si(110) system, which yields NWs with a single orientation. Thus, the NW lengths are not limited by intersection with orthogonal NWs, unlike the case for RE/Si(100) [3] . An additional advantage is that the small lattice mismatch of CoSi 2 with silicon (−0.6% at 800
• C) minimizes strain effects and favors coherent interfaces. Our initial, post-growth observations, using ex situ atomic force microscopy and transmission electron microscopy (TEM), introduced the concept of endotaxy, established the crystal structure of the silicide and its interfaces, and suggested that the NWs appeared to grow with a fixed L/W aspect ratio [2, 7] . Ex situ studies, however, are not ideal, since they require combining data from a series of samples with different growth conditions and only limited information about 0957-4484/11/305606+07$33.001 cm 1 cm the growth process can be determined. In the present study, we have used in situ deposition in the TEM, which allows for a rigorous test of growth models using continuous monitoring of the dimensions and defect structures of individual NWs. The dynamic growth observations are then combined with statistical analysis of large ensembles of NWs imaged after growth to obtain a clearer picture of the growth mechanisms. This method is limited by the requirements for preparing electron-transparent substrates with clean surfaces and the constraints of the miniature deposition system.
Procedure
The growth experiments were carried out in a 300 kV Hitachi H-9000 UHV-TEM. The microscope has been modified to provide a base pressure of 2 × 10 −10 Torr at the specimen, and incorporates a custom-built specimen holder that allows resistive heating of Si specimens to 1250
• C for flashcleaning [15] . For the present experiments, a miniature electron-bombardment evaporator was added just above the upper pole-piece of the objective lens, 3 cm from the specimen, as shown in figure 1. The electron beam passes through the center of a circular tungsten filament heater and through a hole in a high-purity metal foil target. A modest bombardment power of 5 W through the heater with an accelerating voltage of 1 kV between heater and target gives a deposition rate of 1 monolayer (ML) min −1 when using a Co foil, with only a small pressure rise (to low 10 −9 Torr) in the pole-piece region. The deposition rate was calibrated from the volume of NWs observed in the images. Coverage is defined for Si(110) as 1 ML = 4.8 × 10
14 Co atoms cm −2 . The source can be turned on and off quickly with minimal beam deflection by removing the high voltage but leaving the heater current (1.5 A) on. The entire assembly can be removed through a load-lock without breaking vacuum. Spare leads allow for multiple targets or resistively heated high-purity filaments.
Si substrates were prepared by cleaving 4 mm × 2 mm rectangles from a 100 μm thick Si(110) wafer with chemical etching to electron transparency (several microns thickness) in the center of each piece. Final cleaning was done by resistively heating the sample in vacuum. Sample temperature was determined to an accuracy of 25
• C by calibrating the heating current against an optical pyrometer in an adjoining chamber, using the same stage.
After cleaning, the sample was cooled to the growth temperature and a region was found with an approximate thickness of 300 nm. TEM is usually performed on thinner specimens, but here the use of a relatively thick region ensured that NW growth would not buckle the specimen, while still allowing reasonable image quality as well as better temperature uniformity. NW growth was recorded under bright-field and weak beam dark-field imaging conditions using g = 220, either with photographic negatives or on video tape. The video was recorded at 30 frames per second, with a reduced field of view compared to the negatives. Figure 2 shows NWs grown at 750
Results
• C. Panel (a) shows structures after growth and panels (b-d) show frames obtained at different times from the movie recorded during growth. The inset shows a high resolution cross-section micrograph of one NW, which reveals a CoSi 2 lattice with B-type epitaxy on an inclined Si{111} plane [2] . Five NWs are labeled in figure 2(a). Note that NW4 is distinct from NW1, which is apparent from the movie. All the NWs have faceted ends that appear in mirror pairs on each NW and make an angle of 15
• ± 5
• from the NW axis along Si [110] . The two equivalent orientations for the facet pairs (shown for NW2 and NW5) occur equally. The measured facet orientation is consistent with CoSi 2 111 directions, which make an angle of 10.9
• from the NW axis in this projection. The mirrored pair results from {111} facets that point up from the substrate rather than into the substrate. The black/white contrast at opposite ends of each NW is caused by substrate strain and has the same orientation for all NWs. The Si substrate in the regions between the NWs also shows some contrast in figure 2(a) due to bending or possibly thickness variations.
The growth movie shown in figures 2 (b)-(d) was recorded for the first 3 min of a 10 min growth. NW1 became visible first, followed a few seconds later by NW2. The brightness of each NW increased with time, due to increasing thickness of the NW. Some of the NWs showed small dark spots, such as the one indicated by the white arrow. These spots usually had no effect on growth, but occasionally they could retard the motion of the ends, briefly. They are thought to be small contamination structures that can form on both top and bottom surfaces of the sample during the high temperature cleaning process. Figure 3 shows the time evolution of NW1 and NW2 during the first 3 min of growth at 750
• C. The time scale for growth is measured from the moment of nucleation. This occurs after an incubation period, during which the concentration of metal atoms on/near the surface gradually increases up to the bulk solubility limit for Co in silicon at the growth temperature. For the NWs shown in this figure, the incubation time was 65 s. For NW1, end '1a' moved quickly at first, but steadily slowed. End '1b' remained fixed at first (at the defect location marked by the white arrow in figure 2 ), but later (t > 60 s) moved at the same rate as end '1a'. The solid line shows L ∼ t 1/3 scaling, which is discussed later. This line fits the data reasonably well, except for early time (t < 20 s) when the growth was slower than expected. We believe the initial slow growth reflects incubation effects, as described above. For NW2, the 'a' and 'b' ends both moved quickly at first, with initial kinetics similar to NW1, but stopped at t ∼ 50 s. The time evolution of the widths of the NWs followed the same trend as the lengths. Figure 4 shows the growth trajectories for NW1 and NW2 during the 3 min observation time of the movie. It is apparent that the length/width ratio was fixed during growth, with a value L/W ∼ 34. The final dimensions of NW1 and NW2 were consistent with those of the entire set of 45 NWs visible in the larger field of view, measured after 10 min growth. The average dimensions for the complete group (except NW5) were 
The lack of correlation suggests that the length and width dimensions are not physically coupled (by strain, diffusion, etc) for any given NW. The dimensions of NW1 lie near the center of the distribution, making it typical, while the dimensions of NW2 lie at the lower end of the size distribution. Furthermore, we note that there is no apparent correlation between location and size of the NWs. That is, there are no 'exclusion zones' surrounding the NWs. We return to this point later. Figure 5 shows results for NW growth at 800 • C. NWs grown at this temperature showed the same contrast features and facets as those grown at 750
• C, but with a smaller aspect ratio of L/W ∼15. The incubation time for this growth was 50 s. The movie frames show a single NW, along with an inert object that provided a fixed point of reference for the movie. The double stripe and strong contrast visible at later times at end 'b' of the NW are due to strain contrast and do not represent the physical shape of the NW. The time evolution plot shows that the NW end 'a' moved rapidly then slowed down, closely following L ∼ t 1/3 scaling. End 'b' moved slowly at first, then matched the speed of end 'a' after it passed the fixed feature at t = 400 s.
The L-W scatter plot in figure 6 shows the length and width dimensions of all 24 NWs found in a 10 μm 2 region following 17 min growth at 800
• C. The growth trajectory of NW3 from figure 5 is included in this plot (although note that the growth movie ends at 15 min) and its trajectory shows that length and width increased in proportion during the growth. The final dimensions of NW3 place it near the center of the distribution, making it typical of the group. The average dimensions for the entire group are L = 500 ± 150 nm, W = 36 ± 7 nm and L/W = 15 ± 6. As before, the variances in L and W are uncorrelated. Figure 7 shows results for growth at 850
• C. At this temperature, the morphology appears more complex and two different forms for the NWs were observed. Most NWs (85%) were relatively short and wide, and displayed strain contrast but no dislocations, as shown in figure 7(a) . The other NWs (15%) were long and somewhat narrower, and contained arrays of dislocations, as shown in figure 7(b) . A growth movie (figure 7(c)) was recorded for one of these dislocated NWs for minutes 15-35 of a 37 min growth. The incubation time for this growth was unknown, since the nucleation event was not observed directly. Figure 7 (b) shows that this NW contained a nearly periodic array of defects. The strong black/white contrast of the defects suggests a dislocation structure, but we did not perform a detailed analysis to determine the Burgers vector. All dislocations on the NW followed the same pattern, which alternates across the width of the NW with a small offset from the center line. The dislocation spacing was small and uniform on one side of the marker point, but wide and irregular on the other side. The spacing changed as the NW grew longer, but in an irregular fashion. This is apparent from figure 8 which shows the steady growth rate of one end of the NW (the other end being out of the field of view) and the irregular intervals at which dislocations were added. The NW width remained constant at W = 95 nm during observation.
The L-W scatter plot in figure 9 shows the dimensions of all 39 NWs found in a 10 μm 2 region following growth at 850
• C. A bimodal distribution is apparent. The shorter NWs (85% by number, representing 63% by volume of silicide) had 
Discussion
In developing a physical model for growth of the NWs, we begin with a few general observations. Firstly, the silicide island structures did not change size or shape detectably upon Figure 9 . Length-width scatter plot for NWs grown at 850
• C. Arrows mark the length of NWs that reached the image boundary, hence were longer than indicated by the dot. All NWs longer than 1000 nm contained dislocations, while those shorter did not.
annealing at the growth temperature. Indeed, no obvious changes occurred below 1000
• C. In general, if a structure does not change upon annealing, then either the growth process is kinetically limited, or the structure has already reached equilibrium. Since the NW aspect ratio varied strongly with growth temperature but not with annealing temperature, we conclude that the NW growth process is kinetically limited at temperatures below 1000
• C. On the atomic scale, this means that metal atoms do not leave the NW or even cross boundaries between NW edges (crystal facets). Presumably, this is due to the large heat of formation of the silicide, in the reaction Co + 2Si = CoSi 2 , where Co atoms are supplied by the evaporator and Si adatoms come from the substrate. Thus, once the silicide has formed, it is difficult to rearrange the structure.
Secondly, there was no interaction between growing NWs: we did not observe 'exclusion zones' surrounding the islands, nor any evidence of competition for the capture of metal atoms. This means that the growth is not diffusion-limited; rather it is kinetically limited, by attachment at the island edges. The island locations appeared to be random. It is possible that islands nucleated on step edges, but this could not be determined since the steps were not readily visible for the imaging conditions and specimen thickness used in the experiments.
Since the total volume delivered by the evaporation source is proportional to time, attachment-limited growth will lead to a NW volume that also increases linearly with time (assuming that each NW receives a constant fraction of the total Co deposited). Since the length and width of the NWs scale as W (t) and L(t) ∼ t 1/3 , we infer that the height, H , of the NW must also change as ∼t 1/3 to maintain volume ∼t 1 . Unfortunately, the height cannot be measured directly from plan-view images. We conclude that the height changes in fixed proportion to the length and width. The NW shape is thus constant with time, even though the L/W aspect ratio depends sensitively on the growth temperature. This fixed-shape growth mode is kinetically limited, and is not an equilibrium property of the system (determined by strain, for example). The anisotropic shape results from an unequal sticking rate for Co atoms arriving at the ends versus the sides of the NW. Since the L/W aspect ratio varies strongly with temperature, the Co sticking rate must also change with temperature and appears to be thermally activated. The atomistic process for attachment of metal atoms to the NW is unknown. However, in some systems involving single-crystal islands with well-defined facets, the rate-limiting step is often kink nucleation, followed by rapid completion of a ledge [16] . Such a process is sensitive to defects, which effectively provide inhomogeneous nucleation sites. This is consistent with the observation of occasional pauses in the growth process and the independent motion of the two NW ends. High sensitivity to atomic details at the growing end facet is also consistent with the relatively large spread in (L, W ) values for NWs grown under identical conditions, as shown in the L-W scatter plots for each temperature.
The growth of needle-shaped structures in crystalline precipitation reactions is well known in metallurgy [17] . These structures have great practical significance, since they can strongly affect the mechanical properties of the composite. Such reactions are diffusion-limited, however, and hence will display growth kinetics different from the endotaxial NWs. On the other hand, it is common with crystal growth from solution to find growth kinetics and crystal shapes that depend on the details of attachment rates, hence step and kink properties on different facets [18] .
We finally discuss the second, dislocated NW growth mode observed at 850
• C. For this growth mode, a network of dislocations was formed along the length of the NW, allowing the length to increase indefinitely while the width remained fixed. This behavior is analogous to the growth of coherently strained islands, such as Ge/Si(100), whereby misfit dislocations periodically relieve lattice strain and allow further growth of the island [19] . In the case of the NWs, however, the large shape anisotropy allows different apportioning of stress in the long versus short directions, coupled via the stress tensor. We speculate that lattice strain in the long direction is accommodated by elastic deformation in the short direction up to a critical length when a dislocation is nucleated, thereby relieving stress and allowing further growth. The observed spacing of dislocations along the NW was approximately 50 nm, which is reasonable for the lattice misfit of −0.6%, since the equilibrium spacing for misfit dislocations in thin films of CoSi 2 on Si(111) is 30 nm [20] . The lack of similar dislocations in NWs grown at lower temperatures (750 and 800
• C) may be explained either by the smaller dimensions of these NWs, or by a reduced nucleation rate for dislocations at lower temperature. This hypothesis might be tested using very long growth times at lower temperature, to produce longer and wider NWs.
Many metal-silicon systems form endotaxial NWs. It is expected that these systems will follow growth modes similar to those described here for the CoSi 2 /Si(110) system because they have the same structural features: embedded coherent interfaces along inclined Si{111} planes with modest lattice mismatch. That said, the strong sensitivity to growth temperature and atomic structure at the end facets may cause significant variations in growth parameters between various material systems, which allows for the possibility to control the NW shape and size in useful ways. For example, it should be possible to grow very high aspect ratio structures at low temperatures, extrapolating the trend shown here, although the detailed behavior will vary with the choice of metal and substrate orientation. Achieving a low density of high aspect NWs may be difficult since the nucleation density also increases dramatically at lower temperatures. A two-step process that separates nucleation and growth might be useful in this regard. It may also be possible to manipulate the facet reactions using surfactant layers or a catalytic material at the ends of the NWs. At high enough temperature, very long NWs would likely form with dislocated structures with a width that would depend on lattice misfit. However, the parameters obtained will again be system-dependent.
Conclusion
In this paper, we have shown the utility of in situ studies with a UHV-TEM for understanding the growth dynamics of endotaxial CoSi 2 /Si(110) nanowires. Based on real-time data showing the evolution of NW length and width, we introduce a fixed-shape growth model in which length and width maintain a fixed ratio as the NWs grow, and all linear dimensions evolve as ∼t 1/3 . We ascribe this behavior to thermally activated, facetdependent reactions. The aspect ratio for this system depends sensitively on growth temperature, ranging from L/W ∼ 34 at 750
• C to L/W ∼ 4 at 850 • C. Because the growth depends on details of reactions at the nanowire ends and sides, the size distribution shows a wide spread and may therefore be difficult to control precisely. For growth at 850
• C, some NWs follow a second growth mode that involves formation of an array of dislocations and evolves as L ∼ t and W ∼ fixed. It is expected that other endotaxial nanowire systems will follow growth modes similar to those described here for the CoSi 2 /Si(110) system.
